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STABILITY AND CONTROL MEASUREMENTS OBTAINED DURING
USAF-NACA COOPERATIVE FLIGHT-TEST PROGRAM ON
THE X-4 ATRPLANE (USAF No. L6-67T)

By Melvin Sadoff, Herman O. Ankerbruck,
and Williem O'Hare

SUMMARY

Results obtalned during the Alr Force testing of the Northrop X-4
alrplane are presented. Information is included on the stelling charac-
teristics, the static and dynemic longitudinal- and lateral-stabllity
characteristice, and the lateral-control characteristics.

The data indlcated that the stalling chesracteristics of the X-4
alrplane in straight flight and 1n accelerated flight at low Mach numbers
were satisfactory, but that at Mach numbers sbove 0.68, the airplane
became longitudinally unstable at moderate 11ft coefflcients.

The maximum normal-force coefficient attained varied from gbout 0.84
at & Mach number of 0.25 to 0.63 at a Mach number of 0.60. The buffet
boundary in this Mach number interval occurred st approximately 0.1
lower normal-force coefflcient, gnd colincided nearly wilth the insta-
bility boundary at higher Mach numbers.

The directional stabillity tended to decrease at small angles of
sideslip as Mach number was incressed until, at a Mach number of 0.73,
the staebility was about neutral for small angles of right sideslip,

The X-k4 alrplane does not satisfy the Aixr Force criteris for damp-
Ing of the short-period longitudinal or latersl oscillations. At high
Mach nunmbers undamped small-amplitude oscillations about all three axes
were ggperienced so the Alr Force tests were limited to & Mach number
of 0.00.

Based on the Air Force criterilon, the lateral control, as measured
in rudder-fixed alleron rolls, was lnadequate. The pilots, however,
considered the aileron rolling power entirely satisfactory over the test

Mach number range,
lE ) =yEH'
UNCLASSIFIED
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INTRODUCTICN

The X~4 airplane was constructed as part of the joint NACA-Air
Force-Navy research airplane program to provide information on the
stabllity and control characteristics of a semitallliess configuration
at high subsonic Mach numbers.

The results obtained during 30 flights made by Northrop are reported
in references 1 to 8. The present paper presents additional stability
and control information obtained during 15 flights flown by Air Force
pllots for the phase IT testing of the X-4 alrplane.

During thesme tests, the airplane was lnstrumented and meintained by
the NACA. The reductlon and analysis of the stsbllity and comtrol data
were made by NACA perscmmsl.

SYMBOLS

Vi indicated airspeed, miles per hour

hp pressure eltitude, feet

Ay normal acceleration factor (the ratid of the net serodynamic
force along the alrplane 7 axis to the weight of the
airplane)

Ay longitudinal acceleration factor

Ay lateral acceleration factor

M Mach number

v | airspeed, feet per second

o) gtmospheric density, slugs per cubic foot

%;f dynsmic pressure, pounds per square fcot

Fe stick force, pounds

Fpn - rudder-pedal force, pounds

S : wing area, square feet

4
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b wing span, feet -

= wing mean serodynamic chord, feet
W glrplane weight, pounds
qQ pitching angular velocity, radians per second
P rolling angular velocity, radians per second
g% wing-tip helix angle
P Period of osclllgtion, seconds
Tg__ time to damp to one-half amplitude, seconds
2 . SeL + BeR
Be effective longitudinal control angle <__5__— , degrees
b5a effectlve latersl control angle (531'_, - SGR} degrees
By rudder angle, degrees
S. P. stick position, inches from neutral
B sideslip angle, degrees
a angle of attack of nose boom, degrees
Cx normal ~force coefficlent [-ﬂz-—-:l
(p2/2)8
CRg, airplane lift-curve slope, per degz‘ee
Cmo,_ static stability parameter, per radian
Cmq_ + Cms  rotational damping factor [d(dsm + ?-Cm :I
a/2v)  a(&g/2v)

T
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Subscripts
L left elevon . o -
R right elevon
t total ' .
ATRPLANE

The Northrop X-4 airplane is a semitailless research airplane hav-
ing a vertical tall but no horizontal-tail surfaces. It is powered by
two Wegtinghouse J-30-WE-T-0 engines and is desigped for flight research
in the high subsonlc speed range. A three-view drawing of the alrplane
is shown in figure 1 and photographs of the alrplane are presented as
figure 2. The vhysicel characteristics of the sirplane are listed in
table T .

INSTRUMENTATION

Standard NACA instruments were used to record, as a function of
time, the followlng:

n boom airspeed : B
Fin boom sltitude

Nose boom altitude -
Right and left elevon positions

Rudder position

Fore and aft stlek position

Sideslip angle

Angle of attack

Stick force

Rudder pedal force

Pitching and rolling angular velocltles

Normal, lateral, and longitudinal accelerations

In addition; the normal accelerations at the center of gravity and
at the left wing tip were measured by means of high-frequency accel~
erometers comnected to a recording oscillogrsaph.

The airspeed and altitude were corrected for the position error of ~

the fin-boom system on the basils of calibrations made during the X-k
demonstration tests. (See reference 8.) The angle-of-attack data
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presented hereln are the values measured with respect to the center
line of the nose boom, which is 1° nose down relative to the fuselage
center line, These data were not corrected for position error or boom
deflection,

TES1S, RESULTS, AND DISCUSSION

Static Longltudinal -Stebility Charscteristics

In low Mach number stalls.,- The statlic longitudinal ~stability
characteristics at low Mach numbers were-medsured in straight-flight
stalls in the clesn snd gear~down configurations at an altitude of
20,000 feet and in wind-up turns to the stall in the clean configura-
tion at Mach numbers of 0.50 and 0.60 at 30,000 feet. The center of
gravity for these tests and for all subsequent tests described herein
was located at about 17.5 percent of the mean aerodynamic chord.

The results of these tests are presented in figures 3 to 6. Fig-
ures 3(a) and 3(b) present time histories of the motions of the airplane
and the controls during the clean and the gear-down straight-flight
stalls, respectively, It is shown in these figures that both stalls
were characterized by a right roll-off which wes controlled by flying
at moderate angles of right sideslip. With full-up longitudinal con-
trol, the airplene in the clean configuration osclllated with increasing
amplitude in piteh with a period corresponding closely to the expected
value of 2.3 seconds for the short-periocd ocscillation at this speed.

Io the time interval during which this oscillation occurred, a maximum

of two-thirds the available directional control and sbout one~half the
aveilable lateral control were used in an effort to maintain straight
Tlight. Recovery was readlly effected and the oscillation terminated

by forward movement of the stick, The stall wlth the gear down was
considerably milder then the stall in the clean configuration in that

the initial roll-off was less severe and smaller angles of right side-~
slip were reguired to control the wing-dropping tendency. Furthermore,
the unstable oscillstion in plitch was sbsent. A maximum value of normsl-
force coefficient of gbout 0.84 was obtained for the gear-down stall as
compared to a value of 0.81 for the stall in the clean configuration.

The pilots considered the stells mild and controllable and observed that
a8 stall werning in the form of mild buffet was present about 0.10 normal-
force coefficient below the maximum values attained.

From the dats presented in figure 3 the static longitudinal~
stgbillity characteristics in the straight-flight stalls were determined.
The results shown in figures 4(a) and 4(b) present the variation of
effective longitudinal control angle B, and angle of attack o with

. *
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normal -force coefficient for the clean and gear-~down configurations,
respectively. The stlck=fixed stability for both stalls remeined posi-
tive over most of the normal-force coefficient range, increasing sharply
immediately before becoming neutral about 0,05 normal-force coefficient
below the maximum values attained. It may also be seen in Pigure 4 that
the angle-of-attack data do not indicate a peak on the 1ift curve.
Higher 1ift coefflcients could probably be obtalned 1f more longitudinal
control were available or if the alrplane were flown wlth more rearward
posltions of the center of gravity., The attainment of higher 1ift coef- .
ficients on this airplane is not considered of great interest since, in
a practical msneuver, the pilots would not normally proceed beyond a
normal-force coefficient of 0.7, the point at which the first change in
lateral trim (roll-off) occurred.

The static longltudingl~-stabillity characteristics 1in accelerated
stalls are presented in figure 5. It may be noted in thils figure that
the stick-fixed stabllity agaein increaged sharply near the stall, The
stabllity in the accelerated stalls, however, remained positive and high
up to the stall rather than decreasing to a small range of neutral sta=~
bility as in the stralght-flight stalls just before the maximum values
of normel-force coefficient were reached.

In high Mach number maneuvers.- The higher Mach number static
longitudinal-gtabllity characteristics were measured in wind-up turns
over a Mach number range of 0.68 to 0.80 at a pressure altitude of
30,000 feet. The results of these tests are shown Iin figure 6. It is
of interest to note (fig. 6(a)) that at a normal~force coefficient of
0.55, the stick-fixed stabllity varies from a high positive value at a
Mach number of 0.68 to neutral at a Mach number of 0.70. There appears
to be no differentiation in the angle~of-attack data at these two Mach
numbers. At a Mach number of 0.80 (fig. 6(b)), stick-fixed longitu-
dinal instebllity is indicsted at values of normal-force coefficient
above 0.52. The lift~curve slope in this region of ilnstebillty is small,

As a matter of interest, the variation of the X=b 1iPt-curve slope
with Mach number is shown in figure 7. The slopes were taken at a Cy
of 0.60 for the lowest Mach mmber of 0.28 and at & Cy of 0,20 for
the other Mach numbers,

Instabllity and buffet boundaries.- The buffet boundary presented
in figure 8 was determined from the high~freqguency wing-tip acceler-
ometer and from the standard NACA accelerometer at the center of gravity.
The onset of buffeting, as obtalned from these two sources, occurred at
practically the same values of normal-force coefficient. The insta=-
blllity boundary or the values of normel-force coefficlent for the occur-
rence of neutral stick-fixed atability (fig. 8) was obtained from the
data in figure 6 and from reference 8, The maximum values of normal=-
force coefficient which are alsc shown in flgure 8 were obtained from

SN
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the data contained in figures 4 and 5. The value of Cx of the buffet

boundary decreases as the Mach number increases up to a Mach number of
about 0.60. Between Mach numbers of 0,60 and 0.80 there is a slight
increase in the Cyx at which buffeting first occurs. As the Mach num-
ber is further increased, the buffet boundary decresases gharply reaching
level-flight values of Cy at a Mach number of about 0.87. The maximm
values of normal-force coefficient attalined in these tests varied from
about 0.8% at a Mach number of 0.25 to 0.63 at a Mach number of 0.60,

At hlgher Mach mumbers between 0.T0 snd 0.82, the instability boundary
very nearly coincided with the buffet boundary.

Static ILateral~ and Directional~Stebility Cheracteristics

The static lateral- and directional=stebility characteristics were
measured in gradually lIncreasing sideslips to the right and ieft at Mach
numbers of 0.49, 0.61, and 0.73 at a pressure altitude of about 30,000
feet, The resulits of these measurements are shown in figure 9 which
glves the varistion of the effective longitudinsl control angle, the
effective lateral control angle, the rudder angle, and the rudder pedal
force with sideslip angle. Several noteworthy observations regarding
figure 9 are (1) ‘the measure of directional stebility db./d8 is posi-
tlve and high over the test Msch mumber range at sideslip angles greater
then sbout 4°; (2) the stability is lower for small angles of sideslip
reaching & minimum at small angles of right sidesiip, and, at = Mach
nunber of 0.73, the directionsl stabllity appears to be neutral over a
smell range of right sideslip angles; and (3), as expected for swept~
wing alrplenes, the measure of dihedral effect &5,/dB decreases with
increasing Mach number due primarily to the decrease in normal-force
coefficient for steady straight flight.

Dynamic Stablllty Characteristics

Longitudinal,~ The longitudinal dynamic stability date were obtained
in longitudinal oscllilations produced by abruptly deflecting the elevons
snd returning them to the original position. The oscillations were
obtdined over & Mach number range of 0.48 to about 0,80 et 30,000 feet
and from Mach numbers of 0.39 to 0.61 at 10,000 feet. The results of
these tests are presented in figures 10 and 11 for altitudes of 30,000
and 10,000 feet, respectively. The measured perlod and damping characw=
teristics of the X-lI airplane are presented in these Ffigures as a
function of Mach number for the two test altitudes. The-data above a
Mach number of 0.80 at 30,000 feet were obtaineéd from reference 8 and
from a speed run to M = 0.88 during the present tests. The.data in
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figures 10 and 11 indicate that the X-4 airplane does not satisfy the
Alr Force criterion (reference 9} for satisfactory damping character-
istics. The criterion specifies that the longitudinsl short-period
osciliation damp to one-tenth amplitude in one cycle. Actually, about
three cycles are required for the X-4 airplane to damp to one~tenth
amplitude. Also presented in figures 10 and 11 for comparison with the
experimental results are the theoretlical period and damping characteris-
tics computed by standard methods (reference 10). It may be cbserved
in these figures that the measured and computed perlods agree very well,
while the measured dsmping is considerably less than that predicted by
the theory. The reason for the discrepancy in damping may be clearly
seen in figure 12 which presents a comparison of the estimated values
of the damping-in-pitchk parameter_ + Cme (reference 11) ard the
static stability parameter . (refefence 12) with the values derived
from the experimental dats. gure 12 shows that the values of Cma
agree fairly well, while the experimental values of C m& are

much lower than the estimated values over the Mach number range., It 1s
also noteworthy that while the experimental values of C + Cma

decrease with Incressing Mach number, the theoretical values increase
slightly. The relatively large positive value of Cp_  + Cmg at a Mach
number of 0,88 corresponds to the undamped porpoising oscillation
characteristic of the X~4 ailrplane at this speed. For this reason the
values of Té— (fig. 10) and Cp_ '+ Cmg, (fig. 12) given at a Mach num-
ber of 0.88 are valid only for small-amplitude motions. Also presented
in figure 12 are dats computed from flight results obtained at an
altitude of 35,000 feet on the conventional F-86 airplene, (See refer=-
ence 13.) A comparison of these results with those for the X-U4 in
figure 12 indicstes that the rotational damping of the X-h is only
about 5 percent of that for the F-86. It is interesting to note, how-
ever, that despite the relatively low rotational damping of the X-h

the pllots considered the dampling of the short-period longitudinal
osclllatlon satisfactory up to Mach numbers where porpoising was
experienced.

lateral.,~ The lateral dynamic stablility tests were made over a Mach
number range of Q.47 to sbout 0.79 et a pressure altitude of about
30,000 feet, The oscillations were excited by abruptly deflecting and
returning the rudder to the trim position (rudder-fixed kick), and by
abruptly deflecting and releasing the rudder (rudder-free kick), Analysis
indicated no apprecisble difference in the data cbtained from these two
types of oscillations, indicating that no rudder-free oscillatlons
occurred over the Mach number range investigated, so they are not dif-
ferentlated in the followlng discusslon. The results of these tests are
presented in figure 13 which gives the measured period and damping char=-
acteristics of the short-period lateral oscillation as a function of
Mach number at a pressure altitude of 30,000 feet. The data at a Mach
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number of 0,88 were obtained from an undamped small-amplitude directional
oscillation experienced during a high-speed run., Also shown in figure 13
are the predicted characteristics computed by standard methods (refer-
ence 14). An examination of the experimental data in figure 13 indicates
that the X-4 airplane does not satisfy the USAF criterion (reference 9)
for satisfactory damping characteristics. This criterlon specifles that
the time for the lateral-directionsl oscillstlon to damp to one<half
amplitude shall be equal to or less than the value given by the relation-
ghip 2.5P - 3.5 for values of P grester than 2 seconds. For values
of P less than 2 seconds, Tl should be equal to or less than 1.5

seconds., The agreement ShownELetween the measured and calculated periods
in figure 13 is fairly good over most of the Msch number range. The
agreement between the calculated snd the measured damping, however, is
poor over most of the Mach number range. The experimental data exhibit
considerable scatter, due possibly to the combination of low damping and
the effects of fuel motion., The damping reaches & minimum value at a
Mach number of 0.73, then increases again at higher Mach numbers, The
megsured decrease in damping t0o a minimum at a Mach number of approxli-
mately 0.T73 coincides wilth the occurrence of an unusual oscillation.
During the static directional~ and latersl-stablility tests at a Mach
number of ebout 0.73, an undamped oscillation occcurred when increasing
sideslip gradually to the right. Thls osclllatlon which had a period
gbout 1 second less than the natural pericd of the short-period lateral
oscillation at this Mach nuber damped out when the Bildeslip angle was
mainteined at a value of about 70. No simllar oscillation was observed
when Inereasing sideslip gradually to the left. A time history of the
oscillation experienced in the present tests is shown in Figure 1k,

Also presented in this figure 1s the time history of the corresponding
run in left sideslip where no appreciable oscillation was cbserved.

High Mach Number Oscillations

During the Alr Force testing of the X-4 asirplane, Mach numbers up
to 0.87 were attained with no significant deterioration of the dynamic
stabllity. Although it was shown in a previous section that the damping
of the short-period longitudinal oscillstion did not meet the Air Force
eriterion for satisfactory damping, the several pllots who flew the alr-~
Plane considered the damping adequate up to & Masch number of about 0.87.
It was also shown that the damping of the lsteral~directional oscilla=
tion did not meet the Alr Force criterion for satisfactory damping; in
this case the pilots considered the dampling characteristics of the sir=-
plane to be poor. It should be pointed out that other research airplanes
of more conventional configuration haeve also exhibited poor lsteral-
directional damping characteristics. At Mach numbers above about 0.87,
however, an undesiraeble oscillation about all three axes occurred
1limiting the speed of the present series of tests to 2 Mach number of
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about 0,88. A time history of several of the pertinent quantities
measured during this oscillstion is shown in figure 15 where it may be
seen that the alrplane oscillated with an average amplitude of 0.2
normal acceleratlion factor and i0.5° sldesllip. The osclllation experi-
enced was quite similar to that reported in reference 8 where it was
noted that the undamped motions of approximately +0.25 normal accelera=
tion fector and *1,5° sideslip might limit the X~ airplane to a Mach
number of 0,.88.

Since no stick~impulse or rudder-kick maneuvers were performed at
the highest speed of the present tests, it 1s not known whether very low
or zero damping would also be experienced for the higher-amplitude longl-
tudinal and latersl-directional oscillstions., For thls reason the data
presented for the highest test Mach number of 0.88 in figures 10, 12,

——— P, T - Py PR DU T SRS . T X, Ry Py | n—!n" -

and 13 are valid only for the smplitude~range of the undamped OSC illa~

tions experienced at this Mach number,

-

Iateral=-Control Characteristics

The lateral-control characteristics of the X-4 airplane were
obtained in rudder-fixed alleron rolls over a Mach number range of 0.u48
to 0,72 at a pressure altitude of 30,000 feet. Typical time histories
of aileron rolls to the right and left at a Mach number of about 0.60
using full lateral control deflection are presented in figure 16. From
the dats in figure 16 and from simllar date obteined st other speeds
but not presented, the variation of wing-tlp helix angle pb/EV with
change in total aileron angle Aﬁat was determined. The results are
presented in figure 17 for the several test Mach numbers. It is to be
noted in this figure that the meximum rate of roll for a given total
alleron deflection is obtalned at s Mach number of 0.60. At lower Mach
nunbers, the rolling power of the ailerons 1ls less, probebly due to the
adverse effects of an-increase in dihedral effect; at higher Mach num-
bers, the rolling effectiveness of the allerons is reduced duvue perhaps
to combined aeroelastic and Mach number effects. The maximum value of
pb/ZV of 0,08 was attained in a right roll at a Mach number of 0.60
with a total aileron deflection of 33°. The wing~tip helix angle per
degree total aileron deflection 1e shown as a function of Mach number
in figure 18. The slopes were obtained from figure 17 over a total
aileron-angle range of +10°, The experimental data are compared with
the Air Force criterion (reference 9) for adequate alleron rolling
effectiveness in figure 19, It 1s resdily seen that the X-4 airplane
does not satlsfy this criterion below a Mach number of about 0.70., The
criterion specifies that the rate of roll correspond to a value of :
pb/EV of 0,09 or 220° per second, The pllots reported that the alleron
rolling power of the X-4 airplane was entirely satisfactory over the
Mach number range investlgated,
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CONCLUSIONS

From the results obtained during the Alr Force testing of the

Northrop X-4 airplane, the following conclusions were drawn:
1

1. The stalling characteristics of the airplane in straight flight
were satlisfactory for both the clean and the gear-down configurations.
In the clean configurgtion the stall was characterized by a right roll-
off, which was mitigated by flying at moderate angles of right sideslip.
At meximum up-control, the alrplane oscillated wilth increasing amplitude
in pitch until the oscillation was terminated by forward movement of the
8tick. The stell in the gear-down conflgurstion was characterized by a
considerably milder roll-off to the right, and shaller angles of right
sideslip were required, consequently, to keep the right wlng up after
the initial roll~cff. No oscillation in pitch was encountered in the
gear-down configurstion.

2. The static longitudinal stabllilty in the stralght-flight stalls
was positive up to normal~force coefficients of about 0.75 and 0,77 for
the clean and the gear-down configurstions, respectively. At higher
values of normal-force coefficient, the airplane was neutrally stable
near the stall.

3. In accelerated stalls at Mach numbers of about 0.50 and 0.60,
the alrplane was longltudinally stable over the normal-force coefficlent
range with the stability increasing sharply at the stall.

4, In accelerated maneuvers between 0.68 and 0,70 Mach number, the
longitudinal stability veried from a high positive value to neutral at a
normal ~-force coefficient of about 0.55.

5. The maxlmim normsl-force coefficient of the X—4 airplane varied
from about 0.84 at a Mach number of 0.25 to 0.63 at a Mach number of
0.60. The buffet boundary in this Mach number interval was at approxi—
mately 0.1 lower normal-force coefflclent. At Mach numbers higher than
0.68 the longltudinal instsbility limlted the vaelues of normal—force
coefficlent that could be attained. The beginning of the instability
occurred falrly close to the buffet boundary over the Mach number range
coversed.

6. The directional stability and the dihedral effect, as measured
in gradually increasing sldeslips by the varlation of rudder position
and effective lateral-control angle with sideslip angle, respectlvely,
were positlve over the Mach number range tested., The directional sta-
bility tended to decresse at small engles of sideslip and at a Mach
number of 0,73 the stability was sbout neutral for small angles of right

sideslip,
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Te The X-4 airplane does not satisfy the Alr Force criteris for
dampirg of the short-period longlitudinsl and lateral oscllilaetions. The
damping of the lateral oscillation deteriorated rapidly between Mach
numbers of 0.60 and 0,73 and increased sharply between 0.T3 and 0.79
Mach number. At a Mach number of 0,88, the dynamic stability sbout all
three axes was close to zero for small-amplitude motlons. The oscllla-
tion about all three axes limited the speed of the present serles of
tests to a Mach number of 0,88.

8. Based on the Air Force criterion, the lateral control of the
X-4 wes inadequate below a Mach mumber of 0.7 at 30,000 feet, The
pilots, however, comnsidered.the alleron rolling power satisfactory over
the test Mach number range.

Ames Aeronsutical Laboratory
National Advisory Commlttee for Aeronsutics
Moffett Field, Calif,
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TABLE I. - PHYSTCAL CHARACTERISTICS OF X-4k ATRPLANE

15

Engines (two). ¢ & & W @ € @ @ &8 ¢ 8 ¢ @ ¢ o o Wes.tinghotlse J-30-WE-7-9
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Figure 1.— Three-view drawing of the Northrop X—4 airplane,
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(b) Side view.

Figure 2.— The Northrop X—% airplane.
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